construct his own. He spent hours grinding out a mirror approximately a foot in diameter and improvised many of the other parts to make it work. Eventually he had a telescope approximately 6 feet long that worked beyond expectations. On the basis of this success, he and his astronomy club co-founder convinced a farmer who lived outside of town on a large hill away from the lights of Kitchener to lease them some land where they could set up their telescope. Roger then wrote a grant application to the Ontario government for funds to convert the old grain silo into a real observatory. With these funds, lots of ingenuity, and hard work mixing cement and mortaring the blocks, Roger achieved his dream of having his own observatory. (Gerry Miller, the brother of Roger, kindly provided this account of Roger's telescope project.) This was clearly an excellent training for his future career as an experimental chemist.
However, the future at this point was not at all clear. As Roger stated:
actually, school was never really a high priority for me, until I got to high school. I always did ok at elementary and middle school, but was never a star student. Here again, I think it was a mindset thing. I went to school because it was what you did at that age, but at that time I never really thought of it as leading anywhere. Eventually I would finish with school and go out and get a job. In fact, during middle school the time came to sign up for the program we would take at high school. The teachers at the middle school did not think I was college material and suggested that I take the 4 year tech. program, rather than the 5 year, college bound program. Not knowing any better, this is precisely what I did. However, by the time I got to grade 9 my interests were already turning to science and after a few months I realized that I was in the wrong program. It took some real doing, but I eventually succeeded in getting transferred into the college program. A few more months would have made it nearly impossible to make the change. I don't like to think about where this might have led me. Actually, it was probably a few of the jobs that I had during this time that helped me to understand that I needed to get an education. I worked at a grocery store for a while, carrying groceries out to people's cars. I worked at a greasy spoon for a couple of late night shifts. I worked cleaning toilets at an electronics company. A few other jobs helped me to see that if I was going to be happy in life, I was going to have to find something better to do with myself. So it was really in the latter half of high school that I decided that I needed to apply myself. I often talked about becoming a dentist, but one day my Mom said, 'You are so interested in science, why don't you study that?' This simple statement redirected my entire life. It was almost like someone had lifted a veil. Of course: science. But could you really get a job in science? I soon discovered that there were actually jobs in science, although I also soon found out that there was a great deal of competition for them. Nevertheless, by now I was smitten and decided to go for it. In my remaining years in high school I took all the science classes I could and continued to study astronomy on the side. In the end, I decided to study Physics. It fit nicely with my talent for math and my interests in astronomy.
This transformation happened between 1967 and 1971, when Roger attended Kitchener Collegiate Institute High School. Roger's passion for science and the strong support of his mother led him to become the first member of his family to gain a university education, obtaining his BS degree at the University of Waterloo in 1975. During his college years he met Deborah Ann Fraser, whom he married in 1975 (figure 1).
THE UNIVERSITY OF WATERLOO YEARS, 1976-80
His interest in the stars led Roger naturally to the field of spectroscopy, which is one of the few experimental tools available for their investigation. Although many of Canada's best students at that time were strongly encouraged to move to the USA for their doctoral work, Roger was particularly attracted to a research project at Waterloo led jointly by Giacinto Scoles (FRS 1997) in the physics department and Terry Gough, a young associate professor in the chemistry department. Scoles, a pioneer in molecular beam techniques, had decided to start collaborating with Gough, an electron spin resonance spectroscopist, in trying to find a way to perform spectroscopy experiments on molecular beam samples. Roger Miller decided to remain in Waterloo just 'to see if it could be done'. Lasers had been discovered a decade before, and Takeshi Oka (FRS 1984) in Chicago had been trying to find a practical way to achieve sub-Doppler resolution in infrared spectroscopy for some time, so this was clearly an important problem, which very much appealed to Miller. His master's dissertation (1)* was to be his lifelong tool for most of his scientific career. Miller completed his PhD degree in 1980 on the infrared laser spectroscopy of molecular beams (3).
The key to making this challenging experiment successful was the method of detecting the infrared radiation absorbed by the molecule. Because a collimated molecular beam contains very few molecules, standard laser absorption detection becomes extremely difficult. In addition, infrared fluorescence is much too slow to be detected. The detection problem was solved by measuring the total energy content of molecular beam with the use of a cryogenically cooled bolometer. Although the molecular beam energy resides mostly in the translational energy of the molecules, small changes in the beam energy resulting from infrared absorption by a small fraction of those molecules could be detected as well. Miller's major contribution to the successful development of this technique, and his general experimental abilities, soon became well known both at Waterloo and outside the university. Miller was a born experimental scientist. He had enormous practical common sense that led him unerringly to detect the cause of an apparatus's misbehaviour, and to the right solution for fixing the problem. When he left the Waterloo laboratory in 1980, the colour centre laser (a really beautiful but delicate device, shown in figure 2 ) apparently went into a deep depression and stopped working until the next student of comparable abilities came along a few years later. Several years later, when he was asked by his former supervisor how he had achieved a 10-fold better performance in his machines than what was at that time available anywhere else, donning his by then famous enigmatic smile he said: 'All you have to do is to tweak the knobs of the apparatus properly!'
The technological achievement described in Roger Miller's first paper (2) made possible by the bolometer led to seven additional papers dealing mostly with the scientific contribution that came out of his PhD thesis, which in the long run was to have a much larger impact on his career than achieving the improvements in sheer spectroscopic resolution. In particular, it led to the first detection of the photodissociation of a van der Waals complex in a molecular beam, which in turn led to great improvements in our understanding of intermolecular forces and intramolecular energy transfer. At the time of that experiment there was a substantial amount of discussion in the community on how rapidly a vibrationally excited van der Waals complex would dissociate by internal energy conversion. An estimate made by Bill Klemperer at Harvard, based on the number of vibrations being of the same order as the number of collisions that it takes to relax vibrational excitations in the gas phase, turned out to be realistic, and allowed Miller to see the phenomenon in a molecular beam by monitoring the 'missing' energy at the bolometer arising from the fact that most photo-fragments would be ejected from the molecular flux hitting the detector.
THE AUSTRALIAN NATIONAL UNIVERSITY YEARS, 1980-85
The ability of Miller was so evident that when Bob Watts visited Waterloo on one occasion, he essentially offered Roger a job on the spot as a Research Fellow at the Australian National University (ANU) in Canberra. Roger and Debbie thought that this would be a fine adventure for them, as well as a scientific opportunity for Roger. Watts, who until that time had worked only as a theorist, gave Roger the opportunity to develop a molecular beam laboratory from scratch. Several months before taking up this position, Roger visited Canberra for a short period to begin the design work for his crossed molecular beam apparatus, and by the time he arrived the equipment was well on the way to completion. One of Roger's first projects was the development of an elegant method for measuring both the beam stream velocity of a seeded HF beam and its velocity distribution. He used that to measure the velocity distributions of HF and NH 3 molecules subliming from solid NH 4 F, a project he did in collaboration with the future Nobel laureate John Fenn, who was visiting the ANU during this time.
At the ANU Roger developed the enviable habit of carrying out new and groundbreaking experiments, including the dissociation spectra for clusters of ethylene with other substituted hydrocarbons, and he went on to obtain some of the first rotationally resolved cluster spectra in the 3 µm region. These were followed by similar studies on clusters of nitrous oxide, carbon dioxide and water. During his four years at the ANU, Roger constructed his complex experiment and published a total of 20 papers. On the strength of this high-profile research, Roger was invited to submit a feature article to the Journal of Physical Chemistry (4). During his years in Canberra, Roger co-supervised several research students in the Watts group. With the ANU serving as a strong focal point for quantitative molecular science in Australia, Roger and Bob Watts attracted a steady stream of leading international researchers to Australia. This resulted in fruitful collaborations with well-established scientists including Adi Ding, John Fenn, Gad Fischer, Brian Orr and Udo Buck.
A DISTINGUISHED CAREER AT THE UNIVERSITY OF NORTH CAROLINA -CHAPEL HILL, 1985-2005
The gas-phase study of van 
der Waals dimers, trimers and tetramers
In 1985, Roger moved from the ANU to the University of North Carolina (UNC), where he set up an improved version of his Canberra apparatus. The major advance was in the computerization of the F-centre laser so that it could scan in single-mode operation, thereby greatly improving the resolution. The first publication from the Miller group at UNC (5) permitted them to observe for the first time the broadening of the 'free' HF stretch mode in the HF dimer. The HF dimer, which was a 'signature molecule' for the whole community of scientists working on van der Waals clusters in the 1980s, is a slightly nonlinear molecule with the form H-F---H-F. There are two H-F vibrational stretch modes, which involve primarily the motion of one of the H atoms. The vibration of the atom on the left is termed the 'free' mode, and that of the middle H atom is termed the 'bound' mode. Exciting one quantum of either of these modes places sufficient energy into the dimer for it to dissociate. The basis of the statistical theory of unimolecular reactions is the assumption that a molecule will dissociate with a rate that depends only upon its total energy, and not where this energy is initially placed. According to the statistical theory, energy was supposed to redistribute rapidly by a process called intramolecular vibrational energy redistribution (IVR). Testing the limits of this model was one of the major goals of chemical dynamics in the 1970s. This HF dimer provided an ideal species in which the right experiment might be able to provide information about IVR because the bound HF mode is expected to couple more readily to the weak (dissociating) bond that connects to the two H atoms, causing the molecule to dissociate more quickly. A rapid dissociation broadens the absorption band through the uncertainty principle, ħ = ∆E∆t, in which ∆E is the energy uncertainty as measured by the width of the line, ∆t is the lifetime of the excited state, and ħ is Planck's constant divided by 2 . Because of the short lifetime of the 'bound-H' vibrational mode, its width had previously been measured by microwave spectroscopy. What was new in the Miller study was the determination of the width of the 'free-H' stretching vibration, from which they determined a lifetime of 24 ns, much longer than the 'bound-H' state lifetime of 1.0 ns. This provided the very first precise rate constants for IVR on a sufficiently simple molecule to permit high-level calculations of IVR rates.
The Miller group exploited this high-resolution infrared spectrometer in a flurry of activity to investigate a broad range of dimers, including Ar--HF, N 2 --HF, OC--HF, NCCN--HF, H 2 --HF, C 2 H 2 --HF, CO 2 --CO 2 and the CO 2 trimer, all work published in the latter half of 1986 and 1987. They found that the Ar--HF dimer does not dissociate on the time scale of their experiment and thus that it must have a lifetime in excess of 300 µs, that the acetylene HF dimer is 'T' shaped, and that the CO 2 dimer has a slipped parallel shape. The tour de force of these studies was the CO 2 trimer investigation performed in collaboration with the National Bureau of Standards group (in Washington DC) of Fraser, Pine and Lafferty (6), in which they found that the trimer has a planar cyclic structure. This was followed up in 1988 with a study (7) of the HCN trimer for which they found two structures, a linear and a cyclic form, that had very different moments of inertia and different CH stretch frequencies. These studies clearly pointed the way towards the goal of learning about solution-phase structures by investigating dimers, trimers and higher-order clusters in a systematic way, so that the basic building blocks for understanding solution-phase energetics and structure could be placed on a firm foundation. These studies also provided experimental data for developing a theoretical understanding of the dissociation dynamics of weakly bound clusters. One of the interesting findings was the marked correlation between, on the one hand, the frequency shift of a particular vibrational mode in a cluster environment relative to its frequency in the monomer mode, and, on the other, the predissociation lifetime; this was published in a paper in Science in 1988 (8) . These results have been interpreted via a model based on perturbation theory by George LeRoy.
Although high-resolution spectroscopy provided exceptional precision in determining the geometric structure of loosely bound van der Waals molecules and their dipole moments, it did not permit Miller and his students to establish the binding energy of the dimer. Yet these van der Waals bond energies are essential in relating the cluster properties to bulk properties such as vapour pressure and boiling points. In 1989 the Miller group published a paper (9) in which they measured the angular distribution of the infrared photodissociation products of the HF dimer. Because of the sparse vibrational state density, they were able to obtain vector correlations between the rotational states of the dimer and those of the two products, which are of intrinsic interest in their own right because they provide insight into the dissociation dynamics; perhaps more importantly, however, these data provided the first experimental measure of the dimer binding energy, which they reported to be 1062 cm -1 . Typical of Miller's approach, this technique was quickly applied to a host of other dimers, (NO) 2 , HF-HCl, C 2 H 2 -HF, C 2 H 2 -HCl, OCO-HF and CO-HF; a summary of this work was published by L. Oudejans and Miller (13) .
High-resolution spectroscopy in liquid-helium droplets
One of Roger Miller's unique qualities was his ability not only to develop state of the art tools but also to use them for the investigation of important chemical problems. This is amply demonstrated by his studies of liquid-helium droplets. From January to July 1995, Roger spent perhaps his most important time abroad as an Alexander von Humboldt-Stiftung Research Fellow in the laboratory of Peter Toennies at the Max-Planck-Institut für Strömungsforschung in Göttingen, Germany. A few years earlier, in 1992, Scoles and co-workers had developed a technique by which ultra cold (0.37 K) liquid-helium droplets could be injected into a vacuum chamber (Goyal et al. 1992) . By passing these droplets, consisting of thousands of He atoms in a superfluid state, through a 'pick-up' cell pressurized with a molecule of interest, the helium droplets could take up these molecules, effectively providing a friction-less ultra cold liquid environment ideally suited for their spectroscopic investigation. During his months in Göttingen, Roger Miller, together with Peter Toennies, Matthias Hartmann and Andrej Vilesov, decided to adapt the Scoles experiment to their diode laser spectroscopic approach. Two key papers (10, 11) provided the first rotationally resolved spectra of SF 6 , as well as the spectroscopy of SF 6 dimers in these droplets. When Roger came home from his Göttingen visit, he could not rest until he had his own helium-droplet apparatus. It was not clear whether Roger at that point could foresee all of the wonderful experiments that lay in his future. What is clear is that he had found a new passion that did not diminish until his death 10 years later.
The combination of his high-resolution, high-intensity infrared lasers with the great synthetic versatility provided by the liquid-helium droplets led to an astounding breadth and volume of scientific work. Although many scientists were working with liquid-helium droplets, Roger was the one who applied this method to the study of real chemical systems. In addition to normal molecules, Miller's students managed to entrain biomolecules, metal clusters and ions into the helium droplets. An early highlight of this work was the discovery of the hexagonal isomer of (H 2 O) 6 , which has the structure of bulk ice but by itself is not the most stable hexamer of water (12) . This study provided insights into the dynamics associated with the rearrangement of hydrogen-bonding networks and related to the properties of liquid water as well as ice. During this time, Roger Miller also developed the technique of pendular state spectroscopy in which a very strong Stark field causes the molecules to line up with the electric field. At the limits of very high fields, the infrared spectral signature for a given molecule was reduced to a single line rather than a broad envelope of difficult-to-assign rotational peaks. This simplification was crucial in distinguishing the various clusters present in the helium droplets. Once the peaks were associated with the particular clusters, rotational analysis permitted their structure to be assigned.
A fundamental limitation to structure determination by rotationally resolved infrared spectroscopy is that every molecule, no matter what its size, has only three rotational constants. Thus, the amount of information in a given spectrum is insufficient to determine the structure of large molecules such as nucleic acids. In addition, the molecule's structure is not readily determined from its measured vibrational frequencies because the latter depend very sensitively on assumptions implicit in the theoretical calculation of these spectra. This is the fundamental problem associated with all infrared spectroscopic studies of large molecules that can exist in various conformations. A major breakthrough in the spectroscopic analysis of such large molecules was achieved by the Miller group when they developed the method of vibrational transition moment angle analysis for determining the structure of complex molecules (14) . What the Miller group found is that the infrared transition dipole moment of a molecule is very sensitive to its structure, and that it can be calculated quite accurately with relatively modest computational efforts. By comparing the calculated angles for various isomeric structures with the experimentally observed angles, it was possible to identify uniquely the isomers that had been trapped in the liquid-helium clusters. This approach now paves the road for the study of solvated biomolecules, whose structures can provide clues about the structure of biomolecules in living cells.
ROGER MILLER AT WORK AND AT HOME
Roger Miller was not a small thinker. Whatever he did, he demanded the best. This was already evident when he first came to Chapel Hill as an untenured faculty member and set up his laboratory in the first floor of Kenan laboratories. He designed and built an enormous vacuum chamber that could be rotated on a 1.5 m diameter O-ring seal. All of the vacuum pumps were located in the laboratory below, where the noise did not interfere with the experiments. This necessitated drilling a 25 cm hole in a very thick concrete floor to pass the 20 cm copper foreline pipe down to the first-floor pumps. Roger's other quality was his ability to think through an experiment from conception to completion before he built his experiments. As a result, he knew exactly where he could compromise and where he had to devote his efforts. His experiments were never over-designed. Rather, they were characterized by a beautiful balance in which all aspects complemented each other. This balance also characterized his scientific ideas. I recall numerous scientific 'discussions' in which Roger came to my (T.B.) office and said, 'Tom, I've got this idea for a new experiment. Tell me what you think of it.' New ideas are the lifeblood of scientists, and we love engaging in such exchanges. Most of our ideas turn out to have some fatal flaw and are discarded after a thorough vetting. However, with Roger, it was not like that. He came to me with ideas that were completely thought out from beginning to end. A number of them were big ideas, ones that could be the basis of a scientific career. I was sure that he had discussed these, perhaps with his students. However, they denied it and were equally impressed by his perspicuity. This gift of seeing the whole project through from the beginning permitted him to design his experiments to address not only the first set of experiments but also subsequent ones. As William Klemperer of Harvard stated (personal communication), 'everything Roger touched turned to gold'. Yet he did this without working himself to death. He rarely stayed at work beyond 5 p.m., and even more rarely on week-ends. This was not true of his students, though, who could be found in the laboratory at all hours of the day and night, seven days a week.
Roger Miller was a dedicated advisor to his students. Like clockwork, he would make the rounds through the laboratories twice a day, providing advice and direction to the students conducting the experiments. Students in the Miller group were in complete agreement that Roger always made things seem so easy and obvious; it did not take his students long to value his high degree of experimental know-how. Roger instilled in his students the commonsense approach to experimental physical chemistry for which he was so well known, preparing his students for productive careers in both academia and industry. Roger passed on an appreciation for the subtle details that could make or break an experiment. The Miller group students described Roger as an 'effective motivator'. He was masterful at getting the most from each of his students. Roger recognized each student's strengths, and helped all of them focus their abilities in a way that was beneficial to themselves and the entire research group. When his recent student, Gary Douberly (now assistant professor at the University of Georgia), was asked what made Roger such an effective motivator, he responded (personal communication):
Roger's enthusiasm for science was contagious. His students had a deep respect for his experimental abilities, and it was easy for us to commit long hours to an experiment just so that we could feel like we had impressed Roger with an exciting new result. Roger demanded excellence from his students; occasionally he would ask a student working on the helium droplet apparatus, 'So, how goes the battle? Are you getting the best ever signal to noise ratio today?' Although this was at times annoying, it helped to define a high experimental standard that characterized the work of his students.
Roger was loyal to students who put in the long hours; he would work hard for those students in their efforts to secure competitive fellowships and jobs on completion of their degrees. In addition to his role as an advisor, Roger's students described him as an inspirational teacher and mentor. His former students and postdoctoral researchers are quick to admit that he provided the basis for their decisions to pursue careers in academia. His door was always open, and when asked of him, he gladly provided advice and mentoring. Gary Douberly (personal communication) states:
When I began discussing the possibility of pursuing a career in academia, Roger advised me never to give up if that were indeed my goal. He told me that his philosophy was to continue exploring the science he enjoyed until someone tells him that he cannot continue. Without a doubt, this is the most valuable advice I have ever received. I feel very privileged to have been Roger's student.
Roger developed close bonds with the chemical physics community through the frequent interactions at national and international meetings (figures 3 and 4). As Jim Lisy (figure 3) states (personal communication):
I always looked forward to attending a meeting where I knew Roger would be present. To put it simply, there was a tremendous pleasure in seeing Roger, listening to an excellent lecture, and to renew our friendship. When my brother died in Henderson, Nevada, during the ACS meeting in Las Vegas in September 1997, I was in the midst of running an ACS Symposium with Tim Zwier. After dealing with the coroner and others, I returned to the meeting and Roger spent the evening by my side. He suggested that we do something to get my mind off of my sorrows, so we went out and gambled (Roger too!). From that moment on, I felt like Roger was my brother, stepping into the shoes that had been lost just a day earlier. … At another meeting in 2000 in Toulouse, I remember listening to Roger's talk highlighting the recent work from his group on He droplet spectroscopy (Bill Klemperer and Giacinto were in attendance). After that talk, Giacinto (sitting directly behind me) tapped me on the shoulder and said with a smile, 'That son-of-a-bitch, he can move into a field and take it over.' I recall telling Bill Klemperer afterwards that he should get Roger into the National Academy of Sciences, to which he nodded in agreement. I regret that apparently there was not enough time to make that happen.
Although Roger concentrated his energies on his research and his students, he was active in local and national service. Roger was an amazingly well-rounded person. He loved music, a love that he and Debbie instilled in their three children, Lance, Rachel and Luke, all of whom are accomplished musicians. Debbie and Roger especially liked musicals-they saw Les Miserables six times (Debbie Miller, personal communication)! He was an accomplished carpenter (figure 5). On returning from his postdoctoral years in Australia, he brought back some cypress from which he constructed a beautiful table. He loved to fish, especially for salmon in Canada and Alaska. His sports passion was golf, which he played whenever the occasion presented itself.
Debbie introduced Roger to the Church of Jesus Christ of Latter-day Saints in 1974. He embraced this with his characteristic energy and became an ecclesiastical leader of this church. He was especially devoted to the young adults in his church. Roger managed to carry out these responsibilities in his quiet way. Although most of his scientific colleagues were aware that Roger was a Mormon, we became fully aware of his deep involvement only at the memorial service. The outpouring of sentiments from the young people at this service was moving to all of us in attendance on that November day in 2005.
